The impact of cerium oxide nanoparticles, bulk cerium oxide and ionic cerium nitrate on the plant development as well as the uptake and further translocation of Cu, Mn, Zn and Fe by sugar pea (Pisum sativum L.) was investigated. Plants were cultivated in the laboratory pot experiments using the modified Hoagland solutions supplemented with cerium compounds at the 200 mg L −1 Ce level. Analysis of variance proved that cerium oxide nanoparticles significantly decreased Cu, Mn, Zn and Fe concentrations in roots and above ground parts of the pea plants. The latter ions are presumably transported via symplastic pathways and may compete with nanoparticles for similar carriers. The lowest impact on the plant growth and the metal uptake was observed under the bulk CeO 2 treatment. On the contrary, strongest interactions were observed for supplementation with ionic cerium nitrate. The highly beneficial effect of cerium oxide nanoparticles on the plant growth was not supported by this study. The latter conclusion is of particular relevance when environmental impact of cerium compounds on the waste management, municipal urban low emissions and food production is to be concerned.
Introduction
Rapid development of nanoscience and nanotechnology prompted wide application of nanoparticles (NPs) in technology, medicine and agriculture. They are employed in a number of products including electronic devices, advanced fuels, textiles, paintings and coatings, personal care products, pharmaceuticals and agrochemicals (Tsazuki 2009; Hua et al. 2012; De Almeida et al. 2014; Dasgupta et al. 2015; Vance et al. 2015; Rai et al. 2018; Rajeshkumar and Naik 2018; Consumer Product Inventory 2018) . These widespread applications make nanoparticles increasingly abundant in the environment. Unfortunately, this amazing progress is not free from risks related to toxicity and environmental fate of nanomaterials (NMs) (Lead and Smith 2009; Peralta-Videa et al. 2011; Kamali et al. 2019) . In particular, the realistic assessment of their impact on the environment cannot be made without proper estimation of their production worldwide. Unfortunately, available data are usually based on estimates and forecasts only (Aitken et al. 2006; Hendren et al. 2011; Holden et al. 2014; Keller and Lazareva 2014) . Furthermore, nanomaterials are released to environment as objects of diverse structure and toxicity, starting from the rather simply isolated particles and ending up at complex entities with nanoparticles embedded into matrix elements.
Nowadays, cerium dioxide nanoparticles are among the most widely used in technology (Ma et al. 2015) with forecasts indicating their continuously increasing importance for medicine and energy production (Das et al. 2013; Montini et al. 2016) . According to the highly respected survey by Piccinno et al. (2012) the global annual production of cerium oxide nanomaterials has approached 1000 tonnes in 2012. However, the European Commission estimates are around 10,000 tonnes (European Commission, Commission Staff Working Paper 2012) . So far, the cerium-based nanomaterials have found numerous applications as efficient electrolyte additives for solid oxide fuel cells (Monteiro-Riviere and Orsière 2007), abrasives for chemical-mechanical planarization of computer chips (Zantye et al. 2004; Kim et al. 2011) , cosmetics additives (Zholobak et al. 2014) , nanosensors (Maduraiveeran et al. 2018; Olgun et al. 2018 ) and in advanced water treatment technologies (Recillas et al. 2010) . However, the highest impact on environment will presumably follow from the increasing usage of cerium dioxide as a diesel fuel additive. It significantly improves the overall efficiency of engines and reduces emission of the harmful carbon monoxide by its oxidation to carbon dioxide. The latter was confirmed in tests on coaches exploited in a normal traffic which unequivocally proved that cerium oxide lowered ultrafine particles emissions from the diesel exhaust (Park 2007; Lead and Smith 2009) . Therefore, the cerium levels in soils near roads would also increase as a result of ambient particle deposition (Gottschalk and Nowack 2011; Cao et al. 2017) .
Nanomaterials containing cerium dioxide are among the contaminants of emerging concern (Sauvé and Desrosiers 2014; Noguera-Oviedo and Aga 2016). Like many hazardous materials, ceria nanoparticles are often not embedded in a surrounding matrix and may be prone to migrations. They readily interact with all components of the environment. Their occurrence is widespread but influence on living organisms still needs to be evaluated. The relevant literature data are quite contradictory with emphasis put either on positive or negative influence of CeO 2 NPs on human health and plant development (Achari and Kowshik 2018; Dimkpa 2014; Pošćić et al. 2017; Hussain et al. 2019) . The continuously growing production, widespread use and resistance to abundant waste treatment technologies addresses the issue of surplus nanomaterial storage and waste management.
NPs approach plants through variety of mechanisms which are strongly dependent on their size, morphology, charge, settings and agglomeration (Pérez-de-Luque 2017; Yang et al. 2017; Zhang et al. 2019) . All those factors affect the plant response and need to be carefully evaluated. Unfortunately, environmental impact is often biased by the methodology of a particular experiment (Paterson et al. 2011) . Especially, Kabir et al. (2018) in their recent review on environmental impact of nanomaterials clearly indicate that the toxic effects of NMs should be assessed by more objective means. The latter should fully ensure high comparability and transferability of results. This issue presents a real challenge as numerous experimental conditions are combined with diverse plant species and types of NPs (Majumdar et al. 2014) . Therefore, divergent methodologies can be substantially biased. This problem has been clearly illustrated by Montes et al. (2017) in the review on the phytotoxicity of diverse NPs as administered to Arabidopsis thaliana. The authors approached several difficulties related to incomparability of results published by different investigators. In the conclusion, they suggested that model plants should be subjected to tests with NPs of standardized concentrations and sizes. This approach is of particular relevance when risk assessment is to be concerned (Layet et al. 2017; Núñez and de la Rosa-Alvarez 2018) .
Usually, two major methodologies are being applied for evaluation of the NPs impact on plants. The more popular one relies on the long-term growth in soils supplemented with representative concentrations of NPs. Nonetheless, the advantages of soillesshydroponic cultivation has also been recognized (Deng et al. 2014 ). The latter is well suited for studying the NPs' outcome on plants with distinct advantages over the traditional soil systems. It facilitates prompt separation of root tissues with a special emphasis put on fine root hairs and precise administration of nutrients. In particular, plants grown in controlled homogeneous liquid solution are more uniform and give statistically significant, reproducible results (Nguyen et al. 2016) .
Green peas are among the most extensively used legumes worldwide. The latter are valuable source of proteins, essential amino acids, vitamins and minerals. Since ancient Greek times, they have been extensively employed in traditional nutrition strategies (Nikolopoulou et al. 2007 ). The global green pea production is steadily growing over the years and recently approached 20 million tonnes (Food and Agriculture Organization of the United Nations, FAOSTAT 2018). They are often grown on heavily polluted soils and therefore understanding of the mechanism and ways by which metals enter the plant body is of general interest. Pea is an important nonmodel plant in a postgenomic era of applied system biology (Kulaeva et al. 2017) . It has been an object of experimental work well before Mendel's genetic discoveries (Smýkal 2014) . Pea genetic diversity is a challenge for genome studies. Nevertheless, based on the analysis of the transcriptome resources, the pea can now be treated as a biochemical model plant with nearcomplete transcript coverage regarding different aerial tissues (Franssen et al. 2011) .
In this paper, the effect of cerium oxide nanoparticles on physiological changes and uptake of copper, zinc, manganese and iron by sugar pea plants cultivated in the model hydroponic pot experiments in modified Hoagland solutions is reported. The latter four elements are critical for plant growth and photosynthesis (Pakrasi et al. 2004; Hänsch and Mende 2009) 
Materials and Methods

Cerium Compounds
CeO 2 (99.995%) in a bulk, cubic form (as confirmed by the powder X-ray diffraction technique) and Ce (NO 3 ) 3 ·6H 2 O (99.999%) were purchased from Sigma Aldrich and used without purification. Commercially available cerium oxide nanoparticles (Byk, Additives & Instruments) were obtained from the manufacturer as a liquid dispersion stabilized by ammonium citrate. Transmission electron microscopy was used to evaluate the structure, shape and size of cerium oxide nanoparticles. Ten microliters of sample was placed on 200-mesh copper grids with carbon surface, washed in deionized water and dried at room temperature. Images were collected with the JEOL-1010 instrument (Su 2017), the average particle size was 25.8 ± 13.9 nm (Fig. 1) .
The abbreviations Ce-b, Ce-n and Ce-i for bulk form of CeO 2 , the nanoparticles of CeO 2 and Ce (NO 3 ) 3 , respectively, are used in the following text.
Experimental Setup
Iłówiecki sugar pea (Pisum sativum L.) quality class A seeds from "PNOS" Co. Ltd., Ożarów Mazowiecki were used in the study. Four series, each contained six pots with ten plants, were applied. Seeds were surface sterilized with 70% ethanol for 10 min and rinsed extensively with distilled water. They were placed on a moistened filter paper in Petri dishes to germinate in darkness for 3 days at 22°C. At this point, their average stage of growth was 09 according to the BBCH scale (Meier 2018) . Seedlings were further hydroponically grown for 4 days at 21°C on aerated Hoagland solution
, FeEDTA (10.28 mg L −1 ) and Na 2 MoO 4 ·2H 2 O (0.02 mg L −1 ) at pH 5.9; the medium was used without further sterilization. The light intensity of 170 μE/m 2 s, 16/8 h day/night photoperiod was applied and the growth medium was changed twice every 48 h. Subsequently, three series were administered with 750 mL of the medium per pot and supplemented with bulk cerium oxide, cerium oxide nanoparticles and Ce (NO 3 ) 3 at the Ce concentration of 200 mg L −1 , respectively. This concentration affects plants physiology but it is not lethal for pea. In fact, majority of studies on toxicity of CeO 2 NPs to terrestrial plants use concentrations in the range 1-1000 mg/L −1 (Holden et al. 2014; Rossi et al. 2017b) , while the phytotoxicity test as recommended by the Environmental Protection Agency, USA (Zhang et al. 2019 ) approach the 2000 mg L −1 level. The fourth series was a reference treated with original Hoagland solution. Liquid media were changed every 24 h. Plants were harvested after 12 days of cerium administration when (on average) they reached growth stage 15 at the BBCH scale. Shoots and roots were separated. The latter were carefully rinsed with deionized water and later gently dried with a filter paper. The lengths of roots and stems were carefully measured (Fig. 2) . Weights of the fresh and dry (incubation at 55°C to the constant weight) shoots and roots were determined ( Figs. 3 and 4 ).
Determination of Metals in Pea Roots and Shoots
Plant samples (0.6 g shoots and 0.3 g roots) were digested in the mixture of concentrated HNO 3 and HCl (6:1, v/v) using the Anton Paar Multiwave 3000 closed system instrument. The content of Cu, Zn, Fe and Mn was determined by the flame atomic absorption spectrometry (FAAS) with the GBC 932 plus spectrometer. Results are summarized in Table 1 . The reliability of the analytical procedures was checked using certified references materials: INCT-MPH-2 (Dybczyński et al. 2004 ) and IAEA-V-10 (Reference sheet IAEA-V-10, 2000). Detailed numerical data are given in the Supplementary material (Table S1 ). 
Statistical Analysis
A one-way analysis of variance (ANOVA) as implemented in OriginPro 2016 was used to test the influence of cerium compounds on heavy metal accumulation in sugar pea cultivated in Hoagland solution. The 0.95 probability level was applied. Detailed numerical data are given in the Supplementary material (Table S2 ).
Tolerance Indices, Transfer Coefficients, Bioaccumulation and Translocation Factors
The tolerance index (TI) was calculated as the ratio of an average root length for plants cultivated in ceriuminduced stress conditions related to the respective root size in a raw reference treatment (Buendía-González et al. 2010) (Fig. S1 ). Metal uptake was evaluated by transfer coefficients (TCs) and bioaccumulation factors (BAFs). They are defined as ratios of particular element concentration in roots and shoots, respectively, related to its content in the growing medium (Galal and Shehata 2015; Chen et al. 2016; Rezania et al. 2016) . Metal distribution inside the plant body was assessed by translocation factor (TF) which is the ratio of element concentration in above ground parts of the plant to that in roots (Shi and Cai 2009; Ha et al. 2011; Testiati et al. 2013; Xiao et al. 2015) . Those factors give a better estimate of metal migration than the raw metal contents and should be evaluated altogether. This formalism was successfully applied by us for the pesticide-induced heavy metal uptake and further accumulation in wheat Control results determined for raw untreated medium are given for comparison (mean ± SD, n = 6)
Results and Discussion
Copper, manganese, zinc and iron contents in roots and shoots of sugar pea plant cultivated in Hoagland solution supplemented with cerium compound of divergent constitutions are summarized in Table 1 . As expected, plants grown in untreated control solution accumulate metals mostly in roots. Administration of cerium derivatives prompted decrease of almost all metal contents. The major exception was observed for zinc which concentration distinctively increased in roots treated with the Ce-b and Ce-i. However, increase of the zinc content in shoots was firmly observed for plants treated with the Ce-b only. In view of the well-recognized low solubility of cubic CeO 2 (Dahle and Arai 2015) , this result is quite unexpected indeed. We speculate that zinc accumulation in roots is a thermodynamically driven process initiated by the release of small quantities of hydrated CeO 2 particles from the solid phase of Ceb. In solution, they exist as a hydrated micellar structure which may be prone to ionic zinc adsorption. These entities may work as zinc molecular carries. They can enter the plant root tissue through the well-recognized mechanisms like capillary forces, pores on cell walls, intercellular plasmodesmata or highly regulated symplastic route (Zhang et al. 2011) . Decrease of zinc concentration in roots treated with Ce-n indicates that the transfer ability of CeO 2 NPs acting as "Trojan horse" carriers show limited significance in the studied system (Du et al. 2018; Naasz et al. 2018; Rossi et al. 2018) . Similar effects were reported by Ebbs et al. (2016) who observed that carrot displayed significantly less accumulation of Zn, Cu and Ce from respective ENPs than from the ionic forms of particular element. Once in the plant body, zinc ions are further stabilized by several processes of which those involving phytochelatins are generally acknowledged (Prasad and Hagemeyer 1999; Rauser 1999; Viehweger 2014) . However, other mechanisms such as complexation with organic acids have been also identified (Fontes et al. 2014) . Iron and manganese are important elements essential for the proper plant growth. Their mutual interactions are widely recognized indeed (Chatzistathis 2014) . According to Kabata-Pendias (2011) and Dias et al. (2009) the Fe/Mn concentration ratio should be in the range 1.5 to 2.5. In this work, the largest alterations were observed for plants treated with Ce-i (16.6 and 7.0 for roots and shoots, respectively), while values lower than 3.0 were for determined for other treatments (Table S3 ).
The root and shoot lengths accompanied by corresponding fresh and dry weights are summarized in Figs. 2, 3 and 4, respectively. All cerium supplementations decreased the root lengths and partially affected green parts of the plant (Figs. 2 and S1) . The most pronounced effect was observed for Ce-i which practically suppressed the root growth. However, the green parts of the plant responded in a more diverse way. The Ce-b did not influence the shoot lengths, while Ce-n increased them by 5%. The ionic cerium inhibited the plant growth essentially. The latter was also reflected by the characteristic pattern of plant weights with the lowest being observed for the Ce-i treatment.
The heavy metal uptake of Pisum sativum L. plants was evaluated with the transfer coefficients augmented with bioaccumulation and translocation factors as summarized in Fig. S2 . TCs for plants cultivated in the reference, untreated Hoagland solution are in the order Zn>Mn>Cu>Fe. Supplementation of the growth media with the Ce-b did not affect this arrangement, while the administration with Ce-n interchanged that order for copper and manganese, only. Application of the Ce-i led to the order Zn>Cu>Fe>Mn. A visible reduction of all TCs as induced by the Ce-n treatment indicated that in the Hoagland medium environment the solution-root transfer was significantly restricted. The bioconcentration of metals in shoots was evaluated by BAFs. Surprisingly, they were ordered in the same way over all treatments including control (Zn>Cu>Mn>Fe). The largest BAF reduction was observed for Mn upon the Ce-i administration.
Migration of metals in the plant body may be easily examined with the translocation factor. The average TFs are shown in Fig. S2 . All values except that of manganese subjected to Ce-i (1.28) were lower than unity. Translocation factors for the reference treatment were in the order Cu>Zn>Mn ≈ Fe. The Ce-b and Ce-n treatments interchanged the manganese position in that order, while the Ce-i administration changed the sequence as follows: Mn>Cu>Fe>Zn.
The influence of cerium compounds on heavy metal accumulation by plants was evaluated by one-way ANOVA at the 0.95 probability level (Fig. 5) . Detailed numerical data are given in the Supplementary material (Table S2 ). The null hypothesis was whether cerium compounds influence the metal transfer from Hoagland solution and their further accumulation in plant. Calculations clearly showed that all cerium compounds affected heavy metal transfer. However, only Ce-n application resulted in a decrease of all metal concentrations in the plant.
The lowest impact on the plant growth and water content as well as copper, manganese and iron uptake was observed under the Ce-b treatment. This supplement facilitated only zinc transport and accumulation. The fully soluble ionic Ce-i was the most toxic to the plant leading to the highest biomass and in parallel, also to the water content reduction (Table S4 ). Similar to the Ce-b treatment, the increase of zinc content in roots was observed. The Cen prompted significant decrease of concentrations for all investigated metals either in roots or shoots. Interestingly, this treatment affected the root size and increased the stem lengths above the control level. The metal uptake by roots may proceed via nonselective apoplastic or selective symplastic mechanisms (Hanć et al. 2016; Edelstein and Ben-Hur 2018) . The latter is as an energy-consuming transmembrane pathway strongly dependent on metal transporter proteins (Dalir et al. 2017 ). On the contrary, the apoplastic bypass, sometimes referred as a passive pathway, is correlated with transpiration (Qiu et al. 2012) . In this study, we firmly observed a decrease of copper, manganese, zinc and iron concentrations in roots upon cerium oxide nanoparticle treatment. We speculate that the latter ions are transported via symplastic pathways and compete with Ce-n for similar carriers. Those mechanisms depend on the carrier concentration which is strictly related to the rate of a particular protein synthesis. According to Ma et al. (2016) , cerium oxide NPs tend to alter regulation of genes which are responsible either for encoding metal ion transporters or activity of a distinct enzyme. In particular, low accumulation of Fe can be related to downregulation of IRT1 and IRT2 ironregulating genes induced by the Ce-n toxicity. Similar mechanisms developed by plants to avoid the harmful effects of nanoparticles and involving genes of the IRT family for Cd, Cu, Zn, Co and Mn were also reported (Taylor et al. 2014) .
Conclusions
Our results unequivocally show that cerium compounds at any molecular, ionic or nanosize levels alter Cu, Mn, Zn and Fe uptake and their further migration in Pisum sativum L. The latter metals have been found in photosynthetic electron transport complexes (Yruela 2013) and may be used as rough photosynthesis indicators (Sheoran and Singh 1996) . The strongest influence was found for plants cultivated in Hoagland solutions supplemented with Ce-i and Ce-n. This conclusion is of particular importance when plants are cultivated on soils subjected to steadily growing and unrestricted cerium dioxide emissions as originated from popular diesel fuel additives. Complex interactions which restrain heavy metal uptake in either normal or stress conditions are important indicators of the metals migration mechanisms. They are of special relevance when environmental impact of cerium compounds on the waste management, municipal urban low emissions and food production is to be concerned.
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